D-xylose, the main building block of plant biomass, is a pentose sugar that can be used by bacteria as a carbon source for bio-based fuel and chemical production through fermentation. In bacteria, the first step for D-xylose metabolism is signal perception at the membrane. We previously identified a three-component system in Firmicutes bacteria comprising a membrane-associated sensor protein (XylFII), a transmembrane histidine kinase (LytS) for periplasmic D-xylose sensing, and a cytoplasmic response regulator (YesN) that activates the transcription of the target ABC transporter xylFGH genes to promote the uptake of D-xylose. The molecular mechanism underlying signal perception and integration of these processes remains elusive, however. Here we purified the N-terminal periplasmic domain of LytS (LytSN) in a complex with XylFII and determined the conformational structures of the complex in its D-xylose-free and D-xylosebound forms. LytSN contains a four-helix bundle, and XylFII contains two Rossmann fold-like globular domains with a xylose-binding cleft between them. In the absence of D-xylose, LytSN and XylFII formed a heterodimer. Specific binding of D-xylose to the cleft of XylFII induced a large conformational change that closed the cleft and brought the globular domains closer together. This conformational change led to the formation of an active XylFII-LytSN heterotetramer. Mutations at the D-xylose binding site and the heterotetramer interface diminished heterotetramer formation and impaired the D-xylose-sensing function of XylFII-LytS. Based on these data, we propose a working model of XylFII-LytS that provides a molecular basis for D-xylose utilization and metabolic modification in bacteria.
two-component system | molecular mechanism | D-xylose uptake | histidine kinase | cross-membrane signaling O ne of the major constituents of plant biomass, D-xylose, has been considered an attractive carbon source for bio-based fuel and chemical production through fermentation (1, 2) . However, only a small number of bacteria can use D-xylose as an energy source, preventing fermentation efficiency. Usually, bacteria that metabolize D-xylose possess cross-membrane transporters, metabolic enzymes, and regulatory elements; therefore, metabolic engineering strategies have attempted to incorporate these functional modules into the genomes of target strains to improve the efficiency of fermentation (3) .
In bacteria, the first step in the uptake of D-xylose is the ability to sense the pentose sugar. Two predominant systems are known to be responsible for the transmembrane transport of D-xylose in bacteria: the ABC-type transporter and proton symporter systems (4, 5) . The ABC-type D-xylose transporter is an energy-consuming system consisting of the periplasmic D-xylose-binding protein XylF, the membrane permease XylH, and the ATP-binding protein XylG. Compared with the proton symporter, the ABC-type transporter has much higher affinity for D-xylose and thus is more efficient in D-xylose uptake. However, despite intensive studies, the mechanism by which bacteria sense an extracellular D-xylose signal and then activate its uptake, metabolism, and regulation remains understood. Two-component systems are the major pathways for signal sensing and transduction in bacteria. These systems regulate a variety of physiological processes by sensing complicated extracellular stimuli, including nutrients, light, temperature, and redox potential (6) (7) (8) (9) . A prototypical two-component system consists of a membrane-integrated histidine kinase and a cytoplasmic response regulator. The histidine kinase usually forms a homodimer that can transmit external signals across the cell membrane. These kinases harbor an N-terminal periplasmic domain that can sense an extracellular signal, a transmembrane domain, and a C-terminal kinase domain that can activate the cytoplasmic response regulator (7, (10) (11) (12) . In general, a conformational change induced by the binding of relevant ligands for the histidine kinase to the N-terminal sensing domain causes the signal to be transmitted across the membrane to activate a cytoplasmic phosphorelay. By comparing the ligand-free and ligand-bound structures of kinase sensors, the principle mechanisms of signal transduction by two-component systems have been studied in some cases. For example, the human gut symbiont Bacteroides hetaiotaomicron can sense the saccharides via the BT4663 sensor domain, which undergoes a scissors-like movement to transduce the signal across the membrane (13) . Some sensor domains undergo a symmetry-to-asymmetry conformational switch Significance D-xylose is the most abundant pentose in nature and is considered an attractive carbon source for bio-based fuel/chemical production through fermentation. The first step of D-xylose utilization, cross-membrane sensing, is mediated by the membrane complex LytS-XylFII in solventogenic clostridia, the mechanism of which remains unclear. We found that the perception of the environmental D-xylose by the LytS-XylFII complex is initiated through the D-xylose-specific binding to XylFII. Binding of D-xylose to XylFII induces the inactive LytS-XylFII heterodimer to form an active heterotetramer and transmits the signal to activate the downstream target genes responsible for D-xylose uptake and metabolism. The molecular mechanism revealed here will benefit the metabolic engineering to improve the D-xylose utilization efficiency.
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in response to a signal (6, (14) (15) (16) , whereas some other domains undergo a piston-like movement to transmit a signal (17, 18) . Besides independently sensing the signals, auxiliary proteins that interact with histidine kinases that influence the activities of twocomponent systems have been identified (7, 8) . In Bacillus subtilis, the periplasmic membrane-tethered proteins YycH and YycI were found to control the activity of YycG to regulate crucial cellular processes (19) . In Escherichia coli, the fumarate responsive sensor histidine kinase DcuS required the C4-dicarboxylate transporter DctA to form a sensor complex in the cytoplasm to sense the level of fumarate under anaerobic conditions (20) .
In a previous study, we reported a three-component systembased regulatory model for D-xylose sensing and transport in Clostridium beijerinckii, a typical species among solventogenic clostridia (21) . This three-component system consists of a membrane-associated D-xylose sensor protein, XylFII, and a twocomponent system comprising a transmembrane histidine kinase (LytS) and a cytoplasmic response regulator (YesN). The periplasmic protein XylFII was found to act as a signal sensor to aid the response of the LytS/YesN system to extracellular D-xylose, enabling LytS/YesN to directly activate the transcription of the adjacent ABC transporter xylFGH genes and thereby promoting the uptake of D-xylose. The underlying mechanism remains elusive, however. In particular, how the D-xylose signal is perceived by XylFII and transmitted to LytS, and why XylFII specifically binds D-xylose, are still not clearly understood. To get a detailed understanding of this three-component-based D-xylose sensing and uptake pathway, we purified the N-terminal periplasmic domain of LytS (LytSN) in a complex with XylFII and determined the conformational structures of the complex in its D-xylose-free and D-xylose-bound forms. Structure-based biochemical analyses revealed the molecular basis for D-xylose sensing by the membrane tethering complex XylFII-LytS. Based on our findings, we proposed a plausible working model.
Results
Structure of XylFII-LytSN Bound with D-Xylose. The soluble region of XylFII (residues 25-326) and the periplasmic domain of LytS (residues 1-121 of LytS, namely LytSN) were coexpressed and purified as a XylFII-LytSN complex (with a molar ratio of 1:1) by a two-step purification protocol (Fig. S1, peak 1) . The XylFII-LytSN complex with bound D-xylose (XylFII-LytSN-xyl) was crystallized, and its structure was determined to 2.2-Å resolution (Table S1 ). The XylFII structure consists of two Rossmann fold-like globular domains at the N and C termini, connected by a three-stranded hinge region ( Fig. 1 A and B) . The N-terminal domain (NTD) contains five β-strands and four α-helices (residues 36-137 and 277-303, respectively), and the C-terminal domain (CTD) contains six β-strands and six α-helices (residues 138-276 and 304-315, respectively). Between the two domains is a deep cleft in which the D-xylose molecule is bound (Fig. 1B and Fig. S2 ). The LytSN structure contains a four-helix bundle, with the two ends of the bundle bound to two XylFII molecules (XylFII and XylFII′, respectively) ( Fig. 1 A and C) . One LytSN molecule and one XylFII molecule form a heterodimer, and two symmetrical XylFII-LytSN heterodimers form a tetramer, which has a "V" shape when viewed from the front side (Fig. 1A) . The N and C termini of LytSN, which form the bottom of the V-shaped tetramer, may be associated with the membrane, because LytSN is flanked by a transmembrane region followed by a cytoplasmic kinase domain. We also solved the structure of XylFII bound with D-xylose and found that it has a very similar conformation to that in the XylFII-LytSN-xyl complex (rmsd of 0.44 Å) (Fig. 1D) , suggesting that assembly of the XylFII-LytS-xyl complex has only a minor effect on the conformation of XylFII.
The D-Xylose Binding Site and Specificity. In the deep cleft formed by the NTD and CTD of XylFII, the pyranose ring of the D-xylose molecule adopts a chair conformation, and residues from both terminal domains of XylFII form hydrophobic and hydrogen-bonding interactions with the ring. Among these interactions, residue Tyr28 forms a π-π interaction with the pyranose ring; residues Trp29 and His22 form two hydrogen bonds with the C4 hydroxyl; residues Asp103, Asn151, and Arg155 form four hydrogen bonds with the C2 and C3 hydroxyls; and residues Arg155, Asp231, and Gln251 form three hydrogen bonds with the C1 hydroxyl ( Fig. 2A and Fig. S2 ). These interactions may explain the tight binding of D-xylose to XylFII-LytSN; the dissociation constant is K D = 368 nM (Fig. 2B) .
To characterize the effect of these residues on D-xylose binding, we mutated them and determined the D-xylose binding affinity of the XylFII-LytSN complex in vitro using isothermal titration calorimetry (ITC). The results show that the mutations H22A, Y28A, and Q251A significantly decreased D-xylose binding, whereas the mutations W29A, D103A, N151A, R155A, and D231A abolished D-xylose binding ( Fig. 2B and Fig. S3 ). To test the functional roles of these residues in vivo, the XylFII wild-type (WT) and mutant genes were transformed to the C. beijerinckii xylFII mutant strain, then the cell growth and D-xylose consumption were measured ( Fig. 2 C and D) . The results show that the growth rates of the W29A, D103A, and R155A mutants were comparable to those of the xylFII knockout strain, all were similarly impaired, and the growth rate of the Y28A mutant was between the growth rates of WT and the xylFII knockout strain. The consumption of D-xylose was considered consistent with the growth rate. We found that the utilization of D-xylose by the above mutants, except for Y28A, was significantly reduced.
We also detected the expression levels of the xylFGH genes, which encode a D-xylose ABC transporter and are the downstream targets of XylFII-LytS, using qRT-PCR (Fig. 2E ). The results demonstrate that the W29A, D103A, and R155A mutations significantly reduce the transcription levels of xylFGH, whereas the transcription level of xylFII itself was mildly to moderately affected by these mutations. As a negative control, the transcription of the gene encoding pullulanase was not affected by the xylFII mutations. These data suggest that D-xylose binding to XylFII is essential for activating the three-component system to regulate D-xylose uptake and metabolism.
L-arabinose cannot be sensed by XylFII-LytS in vivo (21), probably because its C4 hydroxyl has a different orientation than the C4 hydroxyl of D-xylose. Consistent with this observation, we found that L-arabinose did not bind to the XylFII-LytSN complex in vitro (Fig. 3A) . To understand the molecular basis of the binding specificity of XylFII, we fitted the L-arabinose molecule to the D-xylose binding site in the XylFII-LytSN structure, and then compared the model with the XylFII-LytSN-xyl structure. The results show that most of the interactions between the binding site residues and D-xylose or L-arabinose were similar, except that the C4 hydroxyl of D-xylose could form a hydrogen bond with Trp29, whereas the C4 hydroxyl of L-arabinose was 4.7 Å away from the -NH of the Trp29 indole ring in the modeled structure ( Fig. 3 B and C). The W29A mutation of Trp29 abolished the binding of D-xylose to the XylFII-LytSN complex (Fig. 2B) , indicating the importance of this hydrogen bond in substrate binding. This result (Fig. S4A) . To understand the underlying mechanism, D-lyxose and D-ribose were modeled to the XylFII-LytSN structure. From the modeling results and comparison with the XylFII-LytSN-xyl structure, the hydrogen bond between residue Asp103 and C2 hydroxyl was lost in D-lyxose ( Fig. S4 B and C) , whereas the hydrogen bond between residue Asn151 and C3 hydroxyl was lost in D-ribose (Fig. S4 D and E) . The foregoing data suggest that the C2, C3, and C4 hydroxyls of D-xylose are critical for its specific binding with XylFII-LytSN.
Conformational Change Induced by D-Xylose Binding. In a limited proteolysis experiment, we found that WT XylFII-LytSN complex was somewhat resistant to trypsin or chymotrypsin but not with W29A, D103A, R155A, and D231A mutants, which showed a similar digestion pattern (Fig. S5) . This implies that D-xylose binding might induce a conformational change within the XylFIILytSN complex. To track the conformational change induced by D-xylose binding, we aimed to obtain the D-xylose-free XylFIILytSN structure. First, we used the minimum medium to obtain the protein, but when we solved the structure, we found that it still contained bound D-xylose, possibly due to trace amounts of D-xylose in the carbon source medium. Next, we tried to crystallize protein complexes containing binding site mutations. Finally, we solved a D-xylose-free XylFII-LytSN structure by molecular replacement using the D103A mutant (XylFII-LytSN-D103A) (Fig. 4A and Table S1 ). (Fig. S6) . Thus, the XylFII A -LytSN complex in the asymmetrical unit could represent the D-xylose-free complex (XylFIILytSN-apo). Superposition of XylFII-LytSN-apo and XylFIILytSN-xyl structures revealed that the CTD of XylFII, as a rigid body, underwent a 40-degree rotation through the hinge region in the D-xylose-bound and D-xylose-free structures (Fig. 4 A and B) . In the XylFII-LytSN-apo structure, the NTD and CTD were separated and formed an open conformation, whereas in the XylFII-LytSN-xyl structure, the D-xylose molecule held the NTD and CTD together to form a closed conformation. Although XylFII underwent a significant conformational change on the binding and release of D-xylose, this movement did not seem to be transmitted to LytSN, the periplasmic domain of the histidine kinase (Fig. 4A) . In addition, the conformation of the NTD of XylFII and its interaction with LytSN were relatively unchanged within one XylFII-LytS heterodimer. XylFII-LytSN heterodimer (ITF1), it did generate another interaction surface between the CTD domain of XylFII and a neighboring LytSN′ (ITF2). This interaction induced the formation of a heterotetramer comprising two XylFII-LytSN heterodimers (XylFII-LytSN/XylFII′-LytSN′) (Fig. 5 A-C) . This observation is reminiscent of typical two-component system histidine kinases, which typically form homodimers that transmit external signals across membranes (10) (11) (12) . Therefore, we suggest that the XylFII-LytS/XylFII′-LytS′ heterotetramer may be the active form.
The ITF1 contains residues Ile13, Lys14, Lys16, Asp65, Met66, Ala70, and Lys87 from XylFII (or XylFII′), which mainly form hydrogen-bonding interactions with residues Tyr61, Arg64, Asp65, Asn68, Asp95, Tyr106, and Tyr110 from LytS (or LytS′) (Fig. 5B) . The ITF2 contains residues Met180, Leu181, Leu182, and Ile186 from XylFII (or XylFII′), which form hydrophobic interactions with residues Leu27, Tyr84, Tyr90, and Phe97 from LytS′ (or LytS), and residues Thr53, Thr54, Glu183 and Glu185 from XylFII (or XylFII′), which form hydrogen-bonding interactions with residues Asn23, Lys87, Tyr90, and Lys101 from LytS′ (or LytS) (Fig. 5C) . To verify the importance of the interaction surfaces for the biological function of XylFII-LytS, we sought to generate mutations at the interfaces. Four mutants were generated with ITF1: A70W, which induces steric conflict at the interface; D65A/M66G, which breaks the hydrogen bond between Asp65 and Tyr106 and disrupts the hydrophobic interactions among Met66 and surrounding residues; M3, in which the surface residues Asn68, Thr69, and Asp71 of LytS are replaced with Ala; and M4, in which residues Gln60, Tyr61, Arg64, and Asp65 of LytS are replaced with Ala. Five mutants were generated with ITF2: M6A   ITF2   , which contains M180A, L181A,  L182A, E183A, E185A, and I186A mutations; M6B   ITF2   , which  contains M180E, L181A, L182E, E183A, E185A, and I186A mutations; M8A   ITF2   , which contains T53A, T54A, M180A, L181A,  L182A, E183A, E185A, and I186A mutations; M8B   ITF2 , which contains T53A, T54A, M180E, L181A, L182E, E183A, E185A, and I186A mutations; and D103A, which abolishes D-xylose binding and impairs ITF2.
In the in vitro pull-down experiments, we found that the interactions between XylFII and LytSN were largely decreased by the M6B ITF2 , M8A ITF2 , M8B ITF2 , and D103A mutations; severely impaired by the A70W, D65A/M66G, A70W/M6A, and M3 mutations; and almost destroyed by the A70W/D103A and M4 mutations (Fig. 5 D and E) . Consistently, the A70W/D103A mutation had the most severe effect on cell growth and D-xylose consumption in vivo, which is comparable to the results obtained for the xylFII knockout strain. The other mutations tested, including 
A70W, M6A
ITF2 , M6B ITF2 , and M8A ITF2 , also had significant effects on cell growth and D-xylose consumption (Fig. 5 F and  G) . As expected, these mutations failed to activate expression of the downstream target xylFGH genes (Fig. 5H ). These data suggest that both ITF1 and ITF2 are essential for the biological functions of XylFII-LytS, and validate the idea that the XylFIILytS/XylFII′-LytS′ heterotetramer induced by D-xylose binding is the active form.
Discussion
In this study, we determined the structure of XylFII in complex with the periplasmic domain of histidine kinase LytS in D-xylose-free and D-xylose-binding forms. Biochemical analyses revealed that XylFII formed a heterodimer with LytS and only XylFII specifically bounds D-xylose. D-xylose binding induced a heterodimerto-heterotetramer transition, which we consider necessary for cytoplasmic signal transmission and D-xylose use.
Based on these findings, we propose the following working model of how XylFII-LytS senses environmental D-xylose. When D-xylose is deficient in the environment, XylFII forms a heterodimer with the periplasmic domain of LytS; however, the kinase activity of LytS and the transcription activity of the response regulator YesN are not activated. The presence of D-xylose in the environment is perceived immediately by XylFII through tight specific binding. The binding of D-xylose induces a conformational change in XylFII, which brings two LytS together to form an active heterotetramer on the membrane. The kinase activity of LytS is activated, which further induces the phosphorylation of the response regulator YesN and activation of the downstream target XylFGH genes for D-xylose uptake and consumption (Fig. 6 A and B) .
D-xylose is the most abundant fermentable pentose in nature, and engineering the signal sensing or using system into bacteria that are incapable of using D-xylose as a fermentable carbon source is a promising strategy. Although uptake or transport of D-xylose across membranes is a prerequisite for its metabolism, our data provide a molecular basis for the D-xylose crossmembrane sensing process, which may benefit the engineering of bacteria that can then use D-xylose for the production of biobased fuel or other chemicals in the future.
Materials and Methods
All experiments are described in detail in SI Materials and Methods. In brief, the XylFII-LytSN protein complex was expressed in E. coli and purified to homogeneity for crystallization. Diffraction data were collected and processed with HKL3000 (22) . The structures were determined using PHENIX (23) , and structural models were built with Coot (24) ( Table S1 ). The binding of D-xylose, L-arabinose, D-lyxose, and D-ribose with the XylFII-LytSN complex was determined using ITC. Cell growth and D-xylose consumption assays were carried in C. beijerinckii strains. Mutations were generated using one-step PCR (Table S2 ). Genes encoding the peripalsmic regions of XylFII (25-326 aa) and LytS (1-134 aa) were directly PCR-amplified from C. beijerinckii NCIMB 8052 genomic DNA and then inserted into the pETDuet-1 vector. The constructs containing point mutations were generated by PCR overlap extension (Table S2 ) and verified by DNA sequencing. The plasmid was transformed into the E. coli Rosette (DE3) strain for protein expression. The bacterial cells were grown at 37°C to an OD 600 of 0.8, after which protein expression was induced by adding 0.5 mM isopropyl β-D-thiogalactoside for 16 h at 16°C. The cells were collected, resuspended in buffer A (20 mM Tris·HCl, 100 mM NaCl, pH 8.0), and then lysed by French press. The lysate was centrifuged at 20,000 × g for 1 h, and the supernatant was loaded through a Ni-NTA column. After washing with buffer A plus 25 mM imidazole, the protein was eluted from the column using buffer A plus 250 mM imidazole and was concentrated for further purification by gel filtration (Superdex-200; GE Healthcare) in buffer A. The peak fractions were collected and concentrated to 10 mg/mL for crystallization. For SeMet-derived protein expression, the constructs were transformed into E. coli B834 (DE3) strain, and the cells were cultured in M9 medium containing 50 mg/L selenomethionine.
To test the effect of mutations located in the interaction surface of XylFII and LytSN, the DNA fragments of the peripalsmic region of XylFII and its mutations were cloned into the pGEX4T-1 vector, with a GST tag at the N terminus, and the DNA fragments of the peripalsmic region of LytS and its mutations were cloned into pET-28a vector, with a 6×His tag at the N terminus. XylFII and LytSN (or their mutants) were coexpressed and purified by GST resin for input and purified by Ni-NTA His resin for His pulldown to test the interactions. Genes encoding the full length of XylFII and its mutations were obtained by PCR overlap extension from the aforementioned pETDuet constructs. These genes were then cloned into the pXY1 vector and then used for the construction of pXY1-XylFII WT and pXY1-XylFII mutants to perform cell growth and xylose consumption analysis. The primers used are listed in Table S2 .
Crystallization, Diffraction Data Collection, and Structure Determination.
Crystals were grown at 20°C using the sitting-drop vapor diffusion method. Equal volumes (0.8 μL) of protein sample (10 mg/mL) and the reservoir solution were mixed and equilibrated against 100 μL of the reservoir solution. To obtain crystals of XylFII-LytSNxyl and XylFII-xyl complexes, the purified protein was incubated with a 10-fold excess amount of D-xylose for crystallization. The XylFII-LytSN-xyl and SeMet-derived XylFII-LytSN-xyl crystals were grown under 0.2 M lithium sulfate, 2.0 M ammonium sulfate, and 0.1 M Mes, pH 6.6. The XylFII-xyl crystals were grown under 20% (wt/vol) polyethylene glycol 8000, 0.1 M phosphate-citrate pH 4.2, and 0.2 M NaCl. The XylFII-LytSN-D103A crystals were grown under 0.1 M lithium sulfate, 0.1 M sodium citrate tribasic dihydrate pH 5.5, and 20% (wt/vol) polyethylene glycol 1000. Crystals used for data collection were directly flash-frozen in a cold nitrogen stream at 100 K. All data were collected at BL17U beamline of the Shanghai Synchrotron Radiation Facility and processed with HKL3000 (22) .
The XylFII-LytSN-xyl complex structure was solved by the single wavelength anomalous dispersion method. The selenium sites were determined, and initial phases were calculated using the HKL3000 package (22) . Structures of the XylFII-xyl and XylFIILytSN-D103A complex were solved by molecular replacement using Phenix (23), using the XylFII-LytSN-xyl structure as an initial model. All of the models were refined with Phenix and built manually with Coot (24) . The data collection and refinement statistics are summarized in Table S1 . Analysis of Cell Growth and Xylose Concentration. C. beijerinckii strains were cultivated anaerobically at 37°C in Clostridium growth medium (CGM) (Thermo Fisher Scientific). YP2 medium, modified from P2 medium, containing 3 g/L D-xylose as the carbon source and 0.05 g/L yeast extract, was used for fermentation. C. beijerinckii strains grown in CGM medium were transferred into YP2 medium for inoculum preparation and then incubated into YP2 medium for fermentation. Cell growth was indicated by optical density (OD 600 ), and the D-xylose concentration was determined by HPLC (model 1200; Agilent) with a Sugar-PakTM I column (Waters) and a refractive index detector.
Gene Expression Analysis by qRT-PCR. Cells for qRT-PCR were grown in YP2 medium containing 3 g/L D-xylose at 37°C for 16 h. Samples were harvested, immediately frozen in liquid nitrogen, and then ground into powder. RNA was isolated by TrizolTM (Invitrogen) extraction according to the manufacturer's instructions. Contaminant DNA was removed by treatment with DNase I (TaKaRa), and cDNA was synthesized by reverse transcription for qRT-PCR. qRT-PCR was performed in a MyiQ2 two-color real-time PCR detection system (Bio-Rad) using iQTM SYBR Green Supermix (Bio-Rad). The 16s rRNA gene served as the internal control.
Limited Proteolysis Assay. XylFII-LytSN complex protein WT and W29A, D103A, R155A, and D231A mutants (1 mg/mL) were digested with trypsin (1 μg/mL) or chymotrypsin (1 μg/mL) in buffer containing 20 mM Tris·HCl and 100 mM NaCl at 20°C for 1 h. The digestion was stopped by the addition of 4×SDS loading buffer and heated at 95°C for 10 min. The samples were run on SDS/PAGE. *The Se-Met data were collected from the XylFII-LytSN-xyl form. † Numbers in parentheses represent the highest-resolution shell. ‡ R = ΣhkljjFoj − jFcjj/ΣhkljFoj.
